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I. INTRODUCTION
Recently, rapid progress in nanoscience and nanotechnology has generated a high demand for techniques that can be used for the joining of nanoscale building blocks to facilitate the assembly of systems having complex functionality. 1, 2 The joining of nanoparticles (NPs) is basic to this developing technology and is fundamental in the integration of nanoscale products. An important aspect of joining at the nano-scale is the maintenance of control over the melting depth in NPs. 3 When two NPs are completely melted, the surface tension causes the two NPs to merge to form a larger particle. 4 Irradiation with fs laser pulses minimizes bulk heating effects and offers new promise in the nanofabrication of novel nanodevices and multifunctional molecular systems. 1, 3 Since the fs laser pulse width is much shorter than the electron lattice thermal coupling time, excited electrons do not transfer energy to the lattice during the laser pulse. As a result, surface melting occurs and there is little heating or damage to the core of the particle. This property is ideal for welding of NPs. 5 Huang et al. 6 successfully joined Ag NPs in aqueous solution using fs laser irradiation, while Hu et al. 7 joined Au NPs in solution by fs laser irradiation. However, no studies have focused on the joining of dissimilar metal NPs with ultrashort laser pulses.
The physical properties of Al and Fe, e.g., melting point, structure, and optical characteristics, are quite different from each other. Significantly, there are many existing and future nanoscale applications involving Al-Fe systems. Al-Fe alloy nanopowders, which are self-protected by aluminum oxide, have outstanding stability compared to other alloys and thus have been widely used in environmental applications at high temperatures. 8 Al-Fe alloys have also been of interest because of their excellent resistance to oxidation and sulfidation, which has led to many applications. 9 Micron scale powders of Al-Fe alloys can be produced by ball milling, which results in the formation of an amorphous phase under nonequilibrium conditions. 10 Aluminum alloys are the important materials in the manufacture of car bodies, 11 but there are a number of limitations inhibiting the widespread use of these alloys. For example, it has been found that it is often difficult to optimize weld strength and other weld characteristics when welding Al to steel because of the formation of brittle Al-Fe intermetallic phases. 12, 13 Accordingly, a fundamental understanding of the joining mechanism between Al and Fe can only be obtained from a detailed study of joining on the micro-and nano-scale. To date, there have been few reports of the composition and structure of Al-Fe joints over these scale lengths. This information is essential in the development of an overall model that can be used to describe the processes involved in the joining of Al and Fe.
Most previous studies have focused on the joining of NPs in aqueous solution using fs laser irradiation. While this is straightforward for Ag particles, Al and Fe NPs are easily oxidized, 14, 15 complicating the overall process. One way tackling this problem is to produce Al and Fe directly in vacuum by laser ablation of the parent metal. Pulsed laser deposition (PLD) has been widely used for the deposition of metal NPs in many applications. 16, 17 In the present a)
Authors to whom correspondence should be addressed. experiments, metal NPs have been deposited via PLD on a substrate in vacuum and characterized prior to joining.
In this work, we report the first study of fs laser-induced joining of Al and Fe NPs in vacuum. The nanostructure of the joints between particles is discussed in detail and a mechanism for the joining of these dissimilar metal NPs with fs radiation is proposed. Our findings show that joining is controlled by fs laser induced intermixing of Al and Fe atoms. The present results provide further insight into the processes involved in joining of dissimilar metallic NPs using fs laser irradiation.
II. EXPERIMENT
The experiments involved preparation and joining of NPs in vacuum with an fs laser system (1 kHz, 800 nm, Coherent, Inc.). The maximum pulse energy was 3.5 mJ at a pulse duration of 35 fs. NPs were first deposited on a ultrathin carbon film (400 mesh, <3 nm carbon film, copper transmission electron microscopy (TEM) grid, Ted Pella) in vacuum by separated laser ablation of Al (99.99%, Sigma) and Fe foil (99.99%, Sigma) at fluences of 165 mJ/cm 2 and 89 mJ/cm 2 , respectively. The ablation time was 3 s (3000 pulses) for both materials. The resulting NPs were then exposed to fs laser irradiation for 5 s at fluences between 0.5 and 1.3 mJ/cm 2 to investigate the joining process. At these fluences, the diameter of the laser spot was around 1 cm, which covered the entire substrate so that all the particles on the substrate were exposed to laser radiation. To study the dissimilar materials' nanojoining, two continuing ablation were carried on with Fe and Al targets but deposited onto the same substrate. This resulted in a nanocomposite films with well mixed Fe and Al NPs. Ablation and irradiation of the deposited sample were carried out in vacuum at a base pressure of 10 À6 Torr. A schematic of the experimental set up is shown in Fig. 1 . High resolution TEM (HRTEM, JEOL 2010F) together with electron diffraction X-ray (EDX) was used to investigate the nanostructure and elemental distribution of the samples.
III. RESULTS AND DISCUSSION

A. Deposition of Al and Fe NPs
Initial experiments were carried out to ascertain the laser ablation conditions that yielded an optimum distribution of each type of NPs on the deposition surface. Figs , only a few Al NPs were detected on the substrate (Fig. 2(c) 
B. Nanostructure of individual Al and Fe NPs
TEM scans were used to investigate the nanostructure of individual Al and Fe NPs after deposition and prior to irradiation. High resolution TEM images showed that the lattice planes in Al had constant orientation, indicating that individual Al NPs were monocrystalline ( Fig. 3(a) ). Similar scans showed that the orientation of lattice planes varied inside Fe NPs, showing that Fe NPs were polycrystalline ( Fig. 3(b) ). Lattice fringes in these images are marked with white lines. The measured lattice spacing for Al was (111) Al ¼ 2.3 Å while that for Fe was (111) Fe ¼ 1.8 Å . Al and Fe exhibited distinct ablation responses under optimized conditions because of differences in fluence, ablation threshold, and material properties. Further investigation and detailed evidence are required to confirm the specific mechanism. Fig. 4 shows high resolution TEM images of individual NPs after fs laser irradiation at a fluence of 1.3 mJ/cm 2 , which was the same condition that produced joining in mixed NP samples. It appeared that the nanostructure of Al remained monocrystalline while that of Fe was still polycrystalline. The measured lattice spacing for Al and Fe were also unchanged after fs laser irradiation. Although previous work has found that fs laser irradiation can induce microstructural changes in some materials, 18 our results indicate that, due to the low laser fluence, the nanostructure of individual Al and Fe NPs were unaffected by irradiation.
C. Joining behavior of Al and Fe NPs
To study the joining of Al and Fe NPs, both types of particle were deposited on the same substrate. Fig. 5(a) shows the SEM image of a mixed Al/Fe sample after each component was deposited using the optimized laser ablation parameters. The distribution was such that individual particles can be distinguished without many overlapping NPs. The diameter of the NPs varied from 20 nm to 120 nm and almost all the NPs were spherical and isolated from other particles. However, after fs irradiation, many of these particles are seen to be joined to each other (Fig. 5(b) ). The inset in Fig.  5(b) shows one of the joined Al-Fe NPs. The long-dashed circles indicate the original position of each NP. The gap between these two circles shows that two separate NPs become joined together after fs laser irradiation. The shape of the neck between the joined particles, as shown with the short-dashed lines, indicates that material from both particles has migrated into the gap during irradiation.
Before analyzing the structure of joined Al-Fe NPs produced by fs laser irradiation, it is useful to examine the structure in Al-Al and Fe-Fe NPs as shown in the insets in Fig. 6 . Fig. 6(a) shows a high resolution image of the interface between Al-Al NPs and indicates that the nanostructure of each Al NP remains monocrystalline after fs laser irradiation. The dashed black line traces the Al-Al interface. The lattice orientation of both particles was seen to align in the same direction. Fig. 6(b) shows the nanostructure at the interface of a joined Fe-Fe NP after laser irradiation. The interface is traced by the black dashed line. Both particles retain their polycrystalline structure after irradiation and the measured lattice spacing was also unchanged. It was also apparent that, although there were different lattice orientations in each particle, the orientation across the interface was uniform in each particle. In previous research, Banfield et al. 19 has reported that adjacent 2-3 nm particles tend to aggregate and rotate so that their nanostructures adopt parallel orientations in three dimensions. This phenomenon may be caused by particle collisions or by the short range interaction between adjacent surfaces. 20 From a thermodynamic point of view, this behavior can result in the reduction of surface free energy, which facilitated the joining process of NPs of uniform composition. This is similar to joining of silver NPs where the particles rotate to align to each other. 21 A TEM image of an Al-Fe NP joined by exposure to fs laser irradiation is shown in Fig. 7(a) . It can be seen from Figs. 7(b) and 7(c) that the interior of the Al NP was still monocrystalline while the interior of the Fe NP was polycrystalline after joining. Therefore, both Al and Fe NPs retained their initial nanostructure after joining. However, the nanostructure was different within the Al-Fe interface ( Fig. 7(d) ). An amorphous phase was found near the interface, particularly on the side toward the Al particle. The interface region exhibited a mixed amorphous and crystalline structure near the Fe particle, but the nanostructure became fully crystalline in the region closer to the center of the Fe particle. Fig. 8(b) shows line scan EDX results across a joined Al-Fe NP having the morphology shown in Fig. 8(a) . It shows that a mixed layer, with thickness around 10 nm, was found at the interface. The layer is also confirmed by the spot scan data, as shown in Fig. 8(c) . The resolution of the EDX spot scan was around 1 nm and the spot locations were as indicated by the numbers in Fig. 8(a) .
In Sec. III B, it was shown that the nanostructure of Al and Fe remained the same after femtosecond laser irradiation of individual NPs. This was also observed in Al-Al and FeFe NPs joined by exposure to fs radiation and the nanostructure within the interface remained crystalline, so it is evident that, in joined Al-Fe NPs, the amorphous phase was not simply caused by exposure to femtosecond laser radiation. In addition, the lattice spacing of the partially crystalline structure near the interface was 2.6 Å (Fig. 7(d) ), which was different from that of either pure Al or Fe. We believe that this difference can be attributed to the formation of an Al-Fe alloy. The amorphous and partially crystalline phases can be formed due to the atomic intermixing properties of these two dissimilar materials. Garcia-Navarro et al. 22 have discussed the damage caused by femtosecond laser irradiation using a two-step phenomenological scheme. The results indicate that the first stage involves strong electronic excitation leading to the formation of a high density electron-hole plasma, while the second stage involves the relaxation of the stored excitation energy of electrons by transfer to the lattice resulting in bond breaking, and defect generation. Both effects yield a weakening of bonding between surface atoms, resulting in a softening of the lattice structure within the surface. The softened surface is distinct from a normal molten phase because the effective temperature has not reached the melting point for either type of particle. 23 The overall neck structure is very similar to that seen in the microwave 24 and plasma 25 sintering of metal nanopowders where it has been associated with surface diffusion. 25 In the fs interaction, the electric field is concentrated in the gap between adjacent particles resulting in the emission of electrons from these "hotspots." These energetic electrons are accompanied by spallation as electrons emitted from one particle impact on the other. Heating arising from electron impact results in a softening of the lattice in each particle at the interface. 6 Atomic mixing in the interface and the formation of a necking bridge can then be attributed to a combination of spallation from both particles, together with diffusion of both Fe and Al into the bridging region.
Liu 26 has noted that such intermixing is a nonequilibrium process, which produces a mixing layer in a highly disordered and energetic state. After intermixing has ended, the mixture relaxes towards an equilibrium state, which is a function of the thermodynamic properties of the system. After fs excitation, this relaxation proceeds over a timescale measured in picosecond, which is much too rapid to allow the mixture to reach the equilibrium state. As a consequence, relaxation usually terminates at some intermediate state characterized by metastable crystalline or amorphous phases. Calculations of enthalpy as a function of composition in the Al-Fe system 27 using the Miedema model 28 indicates that, when the atomic percentage of Fe is between 30% and 60%, the mixture tends to form an amorphous low enthalpy phase. When the proportion of Fe is between 10%-30% or 60%-90%, the system tends to form a mixture of amorphous and solid solutions, and when the proportion of Fe is <10% or >90%, the system exists as a solid solution. From the TEM results, it appears that the nanostructure of the interface is amorphous at the location of spot 3 ( Figure 8 ). A mixture of amorphous and crystalline structure was found at location of spot 2 near the interface inside the Fe particle. We conclude that elemental compositions at the locations of these spots, corresponding to different nanostructures, are in good agreement with the Miedema model. 28 The Miedema theory is then consistent the detection of an amorphous structure in the interface between Al-Fe NPs as well as the existence of a localized mixture of amorphous and crystal phases. The overall nanostructure in joined Al-Fe NPs is summarized in Fig. 8(d) . This study of joining Al-Fe NPs yields further insight into mechanisms involved in joining of dissimilar materials in nano-scale systems and indicates that nanojoining induced by fs laser radiation may have a number of practical applications in the generation of novel nanostructures.
IV. CONCLUSIONS
Al and Fe NPs have been deposited on a substrate in vacuum by fs laser ablation. Joining of Al and Fe NPs was then carried out by irradiation of the mixed sample with low fluence fs laser pulses. The nanostructure and joining mechanism of Al and Fe have been investigated. The results showed that the nanostructure of Al NPs was monocrystalline after deposition, while that of Fe NPs was polycrystalline. These structures were retained after fs irradiation at fluences of 1.3 mJ/cm 2 . Al-Al and Fe-Fe NPs were found to exhibit uniform lattice orientation after fs laser irradiation, and the nanostructure in the interface was the same as that of the individual NPs. In mixed samples, study of fs laser induced joining in Al-Fe NPs shows that the interface contains a mixture of amorphous and crystalline phases. Intermixing of Al and Fe in the region between the particles arises from electron heating of material on both sides of the interface together with diffusion and lattice softening. The composition of the amorphous and crystalline phases is in good agreement with the Miedema model.
